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Abstract 

Early experiments at Fermilab observed significant polarization of inclusively 
produced hypemns. These and subsequent experiments showed that 2 were produced 
polarized whileR had no polarization in the same kinematical region Other hypemns and 
antihyperons were also seen to be polarized. Recent Fermilab experiments have showed this 
to be a rich and axnplex phenomena. Theoretical understanding is still lacking. Fermilab E761 
has shown that bent single crystals can be used to process the polarization of hypemns and 
from the precession angle maasu& the hyperon’s magnetic moment. This opens the possibility 
of measuring the magnetic norrents of charmed bayons. Finally, I will briefly discuss 
Fermilab E781, an experiment designed to study charmed particle production by Z- hyperons. 

High energy hyperon beams with easily controlled polarizations have allowed 
precision measurements of hyperon static properties. They have allowed us to study 
polarization effects in Z- beta decay [ll, high statistics weak radiative decays [21, 
and to make precision measurements of hyperon magnetic moments 131. These 
experiments could be done without a knowledge of the mechanism that produced the 
polarized hyperons. You didn’t have to understand the polarization process to use it. 

In recent years it has become clear that hyperon polarization itself is a complex 
process whose energy and pt dependence is different for each of the hyperons. This 
has provided significant challenges to our theoretical understanding of polarization 
mechanisms. Let me familiarize you with some of the basic properties of hyperon 
beams and the techniques used to study their polarization. 

There are a number of reviews describing hyperon beams and the physics 
programs that have utilized them [4-71. 

What are the essential elements of a hyperon beam? 

*Start with a high energy proton beam 
*Interact the beam in a small target to produce hyperons 
*Select particles produced in the forward direction. 
*Collimate in the other directions. Interact as many of the other secondary 

particles as practical, especially the pions before they can decay to 
muons. 
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*Magnetically select the desired charge and momentum 
*Do all of the above in as short a distance as possible to maximize the 

number of hyperons that survive. This puts a premium on 

“*high magnetic fields 
**high resolution detectors 
“*high energy 

Proton /’ 
Beam 

/ 
Target Hyp-n 

Beam 

Figure 1 *Essential Elements of a Charged Hyperon Beam (plan view) 

In Figure 1, we see the essential elements of a generic hyperon beam. The 
Fermilab hyperon beam in Fermilab’s Proton Center has a 7m long magnet, the hyperon 
magnet [81. with a vertical magnetic field of about 3.5 T. The inner portion of the 
magnet containing the channel is removable and can be fitted with a curved channel 
appropriate for a charged beam or a straight channel for a neutral beam. A set of 
magnets (not shown in Figure 1) upstream of the hyperon magnet allow for the angle 
of the proton beam impinging on the target to be varied either in the horizontal or 
vertical direction. This allows for the targeting angle to be varied between about Z&S 
mrad in either plane for 800 GeV incident protons. The transverse momentum, pt, of 
the produced beam particle is just the product of the sine of the targeting angle and 
the hyperon momentum. Along with the Feynman x (xF), it is used to characterize a 
hyperon beam. To a good approximation, XF is just the ratio of the secondary particle 
momentum divided by the incident proton momentum. The ability to change the 
targeting angle in both the horizontal and vertical planes is important since it allows 
one to control the direction of the hyperon polarization. 

Following the hyperon magnet is a set of high resolution spatial detectors. In 
the earlier beams these were spark chambers and then proportional chambers; now 
silicon strip detectors are used. In a recent configuration [21, a Cu target of 0.5 mm 
full width in the horizontal plane coupled with 50 pm pitch silicon strip detectors 
resulted in momentum resolution of ~0.25% (ApIp) and angular resolution of -10 
urad. 

Early hyperon beams provided the first systematic measurements of hyperon 
fluxes and provided the “engineering” measurements needed for later beams. Figure 2 
shows an early measurement C91 of these hyperon fluxes and a comparison with 
production of charged pions and kaons. This comparison is important since these are 
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the contaminants to the hyperon beam and their numbers will usually limit rates in 
the apparatus designed to study hyperon properties. 

PARTICLE PROOlJCTlON 
BY PROTONS ON 
BERYLLIUM 

Om. L-.0 mr 

trw. 1: 0 mr 

3 4 5 .6 7 .e .9 I.0 

X 

Figure 2. Hyperon Production Comparison Cross sections vs XF 

Figure 2 deserves some comments. Plotted is the measured production cross 
section as a function of xF. These yields have been corrected for decay losses and 
extrapolated back to the production target. One notes a surprising fact: at large XF 

the yield of E- is greater than that of TI-, and that of Z:- is greater than that of K-! 
This demonstrated that hyperons are produced copiously at high energies (~10% of all 
produced particles). It also showed the desirability of yet higher energy beams so 
that these high yields could be realized well downstream of the target. In Figure 3, I 
plot the hyperon decay lengths as a function of their momenta. 
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Figure 3. Hyperon decay lengths as a function of momentum 

The hyperons of the baryon octet all have spin l/2. Except for the Co, which 
decays electromagnetically, all have their major decays modes mediated by the weak 
interactions. Because these weak decays do not conserve parity, information from the 
distribution of their decay products can be used to determine their spin direction. I 

illustrate this in Figure 4 where I schematically represent a polarized Z+ decaying to 
Z++plT”. The center of mass distribution of the decay pion in this decay can be 
written as 

I(cos 9) z 1 + &P cos 9 

where P is the Z+ polarization and d is characteristic of the weak decay 
properties of the particle. 

The physics of the decay is contained in o(. If we just wish to measure a 
polarization or see the spin direction precess by a magnetic field we need not be 
concerned how nature gave us d; we can just use it. Note that we measure 
asymmetries, A=c%P, the product of d and P. The actual measurement can be the 
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number of protons which are emitted in direction of the +z axis (Nt) and those 
opposite to it (NJ). This gives us A = 2(Nt- Ni)/(Nt+Nl). 

c+ 

Figure 4. Decay of a polarized r++pn". 

Note that we need to have both d and P non zero to measure a spin direction. 
Naturally, the larger the value of d, the easier it is to measure A and hence the 
polarization. Table 1 is a list [lOI of some of the more important hyperon decay 
modes, branching ratios, and o( parameters for these decays. 

Table 1 Hyperon Decay Properties 

Decay Mode BR % 

#E++p7? 51.6 
E++nTI+ 48.3 

Z-+nrr- 99.8 
Z-+ne-r 0.1 

A”+pYT- 64.1 
h'+nTI+ 35.7 

p+A”n” 100. 

“--#AOx- 100. 

R-+h”K - 67.8 
Q--PZ"fi- 23.7 
Q-+E-rC" 8.6 

ol 

-0.980+0.019 
0.068+0.013 

-0.068+0.008 

-0.519*0.104 

0.642+0.013 
0.65kO.05 

-0.411+0.022 

-0.456+0.014 

-0.026+0.026 
0.09+0.14 

0.05+0.21 
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From Table 1 we see that o( for the various decay modes can assume a wide 

range of values. The decay Z++prC” has d near its maximum negative value, making it 
easy to measure the Z’ polarization through this decay mode. The decay Z-+nn- has a 
small (but non-zero) value of o( making it necessary to have a large data sample and 
good control of systematic errors to get a measurement of its polarization. 

In decays such as Z+A”n-, where one also observes the subsequent decay, 
A”+pn-, information about the spin direction of the Z- is also contained in the decay 
distribution 151 of the decaying A”. 

From Table 1, we see that for Q- decays, the values of d are all small and 
consistent with zero. In this case we must use the.information from the subsequent 
A” decay to determine the parent polarization. Note that one can still measure the ol 
parameters for the R- decay even if the R- is not polarized [71. Although this is 

further complicated by the fact that the R- has spin =3/2, similar procedures as for 
the E’- decay have been developed [l 11. ’ 

Significant A0 polarization was measured in the early Fermilab neutral hyperon 
beam [121. Figure 5 shows data [131 for A.” and p produced by 400 GeV protons. The 
polarization is plotted as a function of the transverse momentum, pt, of the produced 
hyperon relative to the incident proton momentum. The A” polarization was found to 
be zero in the forward direction (as required by rotational symmetry for production 
from an unpolarized beam and target) and decreased linearly to ~-20% at a transverse 
momentum (pt) of ~1.5 GeV/c. These early experiments also indicated that the 
polarization had little dependence on the initial energy of the proton or the target 
material. We use the conventional sign definition [141 for the inclusive hyperon 
polarization: a positive polarization is in the same direction as the cross product of 
the incident beam direction with the produced hyperon direction. 

0.2a 
l A’ 
0 x0 

0.00 P-3 0. ” ,\ 

0 
l . 

l 

-0.20. * 

0 * i 

,.,,4J 

0.0 0.5 1.0 1.5 2.0 2.5 

Pt (GeVk) 

Figure 5. Polarizations of particle A0 and K 
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The clear evidence (Figure 5) that A” are produced with significant polarization 
came as a surprise. These polarizations have generally been attributed to peripheral 
mechanisms in which some of the proton valence quarks assimilate a strange quark 
from the sea to form a polarized hyperon. 

The empirical conjecture that the more quarks incorporated from the sea 
reduces the produced hyperon polarization seemed to be confirmed by measurements of 

the polarization 11 1, 1 S-221, of 1’; Z:-, and R’ hyperons. Figure 6 shows the measured 
polarizations E231 of some other hyperons. Plotted here is the polarization as a 
function of the hyperon momentum at a fixed production angle. Since pt= Ph sin 8, 
where Ph is the hyperon momentum and 8 the production angle, the horizontal axis is 
proportional to ,pt. These are all produced by 400 GeV protons. Signif icant 
polarizations seem to be a general property of hyperon production at high energies. 

In these interactions, the A” is a leading particle and the p is not. Might this 
be significant7 One sees each of the hyperons being produced with polarization of 
~1 O-20% at pt ~1 GeV/c. The fact that early experiments had shown x0 to be 
unpolarized, where in the same kinematic range A” was polarized, lent credence to the 
idea that polarization is a leading, particle effect, This was supported by 
measurements [l 11 showing the Q- to be unpolarized in this same kinematical region. 
Since the ~2~ is composed of three strange valence quarks it contains none of the 
valence quarks of the incident proton. 

I 
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Figure 8. Polarization of other hyperons.. 
Plotted is the polarization vs hyperon momentum at fixed angles. 

The horizontal .ax,is is thus .proportional pt. 

However, recent data have cast great doubt on this picture. Measurement of the 
? polarization by the Fermilab E756 group 1241, (Figure 7) shows 2 to be polarized 
by about the same amount as the Z-. 
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Figure 7 . E and 2 polarization 

Let me illustrate the performance of recent Fermilab hyperon experiments by 
showing you results from our E76.1 group. 1 show this to illustrate the capabilities of 
modern hyperon beams in statistics and resolution. We have measured [251 the 
polarization of 375 GeV/c Z+ and F produced by 800 GeV protons on a Cu target. The 
Z+ was detected via its decay Z++pX” and the c through its charge conjugate decay 
%+-co. 
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Figure 8. Event distributions of the mass squared of the missing neutral particle (X0) 

for the hypothesis T++pX” for positive and negative beam candidates 
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Figure 8ab shows the reconstructed 7-c’ mass squared for the negative and 
positive beam. In the positive data one clearly observes the rare radiative decay, 
T++pir. whose study was the major goal [2l of this experiment. Both ,this decay and 
the charge kaon decays are clearly visible but can be easily removed by making a 
selection on the missing mass. 

Figure 9 shows the measured polarizations of E+ and F as a function of pt. In 

this data one sees that ? are also produced with ~8% polarization near pt = 1 GeV/c. 

This Z+ data shows that the polarization increases with pt, goes through a 
maximum near pt = 1 GeV/c and then decreases. This is the first time this decrease 
has been observed in a high energy hyperon polarization. 

The data of Figure 9 show points taken with both horizontal and vertical 
targeting for Z+ and F. In horizontal targeting, the incident beam direction is 
changed in the horizontal (H) plane producing polarization in the same plane (vertical) 
as the magnetic field of the hyperon magnet Thus there is no spin rotation as the 
hyperons traverse the magnet. Targeting in the vertical (V) plane produces a 
polarization in the horizontal plane, perpendicular to the magnet field, thus producing 
maximum spin rotation as would be desired for measurement of a magnetic moment. 
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Figure 9. r,and F polarization as a function of Pt 
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This experiment demonstrated that r- hyperons are produced in high energy 
collisions with polarization of the same sign though of smaller magnitude than that of 
z+. This observation is similar to the recent Fermilab results [241 which showed that 
both E:- and ? are polarized with about the same magnitude. This would indicate 
that the polarization of antihyperons is a common phenomenon, and we should now 
turn our attention to why the ??’ are not produced polarized. 

0.00 L-j. . . . . . . ..i ..-..... _ . . ..I . . ..----.. . ..!. ___.._______ r.. q 
X I- (2.5 mrad 0 BOO CeV) 

0 i- (5.0 mrad 0 400 CeV) 

m 

0.6 0.6 1 1.2 1.4 

.Pr (GeV/c) 

Figure 1 Q Comparison of Z- polarization at 400 and 800 GeV. 

The early data indicated that there was no strong energy dependence to hyperon 
polarization. However, recent high statistics data comparing hyperon production at 
400 and 800 GeV indicate a much more complex phenomena. Figure 10 shows data 

from Fermilab E756 comparing E:- production at 400 and 800 GeV [20, 261. The 400 
GeV protons used a 5 mrad production angle whereas the 800 GeV experiment was a 
2.5 mrad. Thus the data was matched in both XF and pt. One sees that the magnitude 

of the polarization increases with the incident proton energy. 
Figure 11 show the polarization as a function of pt for Z+ at 400 GeV from 

Fermilab experiments E497 [15l and E620 1161 and compares them with E761 1271 at 
600 GeV. Note that the E620 data is from production on a Be target. The others use 
a Cu target. However, at least for A0 production, the nature of the target material 
does not seem to have a major ef feet on hyperon polarization. Pondrom [51 has a good 
summary of target material dependence of hyperon production and polarization data. 

All of the ‘L+ data are in a range 0.47~ XF x0.53. This data also shows a clear energy 

dependence of the Z’ polarization. Here, in contrast to the Z:- data of Figure 9, the 
polarization decreases in the same energy range. 
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Figure 11. Comparison of Z+ polarization at 400 (open points) and 800 GeV (black 
points). 

Fermilab E799, in a very recent preliminary result [281, using the A” 
contamination in their K” beam has measured the A0 polarization at 800 GeV. This 
measurement and the comparison with a previous measurements [291 at 400 GeV is 
shown in Figure 12. This very nice comparison shows no energy dependence of the 
polarization! 

005 I 

-02 - . T”l. .~owlrn.“, - 800 Ge* 
. * LmuDcq. *t.m (19.99) - .oo Ce” 
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-C?T 1"' """"""' """" ',"", ,,, l.,,, '1' 3 cz5 05 075 ,i' 35 '7: ; 225 i5 

Figure 12 Comparison of A“ polarization at 400 and 800 GeV. 
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We now have good comparisons of the E+, Z, and A” polarizations at 400 and 
t 800 GeV and find the astonishing result that the firs 

increases, and the last remains constant with energy. 
Among the many proposed models for hyperon (but not 

130-331, let me mention two approaches to the polarization 

decreases, the second 

antihyperon) polarization 
question - both involving 

similar leading particle effects, One is that of the Lund group [34l whose model 
assumes qT pairs are produced from the sea via the breaking of a QCD string but 
conserving local angular momentum. DeGrand and Miettinen 1351 propose two simple 
rules: quarks which gain longitudinal momentum combine with spins down: quarks 
which lose longitudinal momentum combine with spins up. This is equivalent to a 
Thomas precession and a spin orbit coupling. Both models explain much of the hyperon 
data. The magnitudes of some of the polarizations are at odds with each of the 
models. Other models are discussed in a review by P. Kroll 1381 and is recommended 
although it was done before the polarizations of the 2 and F were known. A recent 
model using a Regge pole approach [371 gives qualitatively good agreement with Z+ 
polarization data. None of the above models address the polarizations of the 
antihyperons or the above mentioned hyperon polarization energy dependence. 

The only publication (381 that I am aware of that offers an explanation for 
hyperon (and antihyperon) polarization does so in the framework an optical potential 
model. In this model the polarization occurs at the surface of the nucleon and the 
process applies naturally to both hyperons and antihyperons. The last couple of years 
have seen a major addition to the available data on the polarization of both hyperons 
and ant ihyperons. 

Clearly the A”/iY. E-/Z+, and E+/‘ET- systems exhibit a rich and challenging set 
of polarization phenomena that cry out for insightful ideas. 

The phenomenon of crystal channeling [39, 401 has been of interest because of 
the very high effective magnetic fields that are involved. Figure 13 illustrates this 
phenomenon. Figure 13 depicts a crystal oriented so that a charged beam enters 
almost parallel to the crystal axis. A positively charged particle entering thus finds 
itself in a potential well formed by the positively charged arrays of nuclei. It is 
trapped -channeled- in this potential if the incident angle is near the crystal plane. 
If the angle is too large it passes through the crystal without being channeled as 
indicated in the same figure. 
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Figure 13ab. Channeling in straight and bent crystal 

If one now bends the crystal as depicted in Figure 13b, one finds that one also 
bends the channeled beam [391. From the momentum of the particle and the bend angle 
one realizes that the effective magnetic fields inside the crystal can be very large. 
Can these same large fields be used to precess the spin direction of a polarized beam? 
Fermilab E781 attempted to see this effect in a subsidiary experiment 1411. A beam 
containing X+ hyperons is a good candidate for investigating this effect since they can 
be produced polarized and have a large decay asymmetry parameter cd= -0.98) for the 
common decay mode, I++pn”. Hence, one can readily measure their spin direction 
from the decay distribution. 
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Figure 14 E761 crystal setup for channeling 

Figure 14 schematically shows the crystal configuration used in E761. A single 
crystal of silicon was placed in a 375 GeV/c beam which contained about 1% Z+ (the 
rest being mainly protons and n+). This crystal was also implanted with solid state 
energy loss detectors so that the energy deposited in the crystal could be measured 
for each incident particle. Apparatus upstream (not shown) of the crystal measured 
the incident particle momentum and angle (with a precision of ~0.2% and z 10urad 
respectively). A downstream spectrometer (also not shown) measured the particle 
momentum and trajectory a s=ond time. Figure 15 shows some results [411 where no 

distinction is made between particle types. Thus it contains mostly protons and IV. 
Figure 15a shows the difference between the angle measured entering and exiting the 
crystal. One sees a peak at about 1.65 mrad which is the known bending angle of the 
crystal. 

Another characteristic is that the channeled particles lose less energy due to 
ionization than their non-channeled counterparts. Figure 15b shows the energy 
deposition in the crystal for those events which triggered the apparatus The peak at 
lower energy loss values is due to channeled particles. The solid line through the non 
channeled portion is a theoretical Landau distribution. 

In this experiment the spin precession of channeled particles in bent crystals 
has been observed 1411 for the first time. These crystals provided an effective 
magnetic field of 45 T which resulted in a measured spin precession of 6Ok17”. This 
agrees with the prediction of 62k2” using the world average [lOI of X* magnetic 
moment measurements. This new technique gives a Z+ magnetic moment of 
2.40+0.46*0.40 JAN where the quoted uncertainties are statistical and systematic 
respectively. No evidence of depolarization in the channeling process. 
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Figure 15, Crystal Channeling Data. 
(a) Deflection of beam by crystal. 

(b) Energy loss for non-channeled particles. 

The crystal bend angle of 1.65 mrad was chosen to match the acceptance of the 
downstream spectrometer. The crystal was bent to angles as large as 10 mrad 
(without breaking!) which would correspond to an effective magnetic field of ~275. T! 

Figure 16 shows the history of Z+ magnetic moment [15, 16, 42-471 
measurements. Note that in the early 1970’s this would have been the most precise 

measurement of the Z+ magnetic moment. 
An exciting possibility is the application of this technique to charmed baryons 

which have a much shorter lifetimes [lOI than Z+. Note that at 500 GeV/c the A+c 

and Z+c would have decay lengths of 1.2 and 2.6 cm respectively. 
The phenomena of hyperon polarization in high energy interactions has forced us 

to rethink the basic physics of the production of polarized particles in the strong 
interact ions. 
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Figure 16 History of Z+ Magnetic Moment Measurements 

Future Prospects. 

I have tried to give a broad description of the development of hyperon beams 
and some of the physics they have done. The direction for future devolopments 
follows the lead of the CERN SPS hyperon experiment (CERN WA62). We have only been 
discussing states composed of the three lowest mass quarks. From Figure 17, it is 
clear that there is a much richer structure when the c (charm) quark is also included. 
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Figure 17. Three quark states of 1 /Z and 3/2+ which form the SU(4) 
equivalents to the baryon octet and nonet states. 

The study of charm states in hadronic interactions has been driven by the 
development of new detector technologies and has proceeded in three phases. The 
first phase came shortly after the initial discovery of charm. Many planned 
experiments modified their apparatus in an attempt to see these states. Most of 
these were failures. The notable exceptions was CERN WA62 which discovered the A+ 

[481, a csu state, and the To [491, a css state, using a beam of I- hyperons. In the 
modern nomenclaure of Figure 17 these are Z,+ and R”, states respectively. 

The second phase came with the development of silicon strip detectors which 
provided the additional resolution to clearly identify the detached vertex of charm 
decays. These experiments (many of whose successors are still taking data) were 
able to map out the charm spectrum, measure branching rates, lifetimes, etc. CERN 
experiment WA89 (the successor to WA621 is just now reporting on its exciting new 
data 1501. 

The third phase is exemplified by Femilab E781 which will use a higher energy 

and more intense Z- beam than WA89. This experiment will be able to trigger on 
detached vertices using a powerful array of computers (-1000 MIPS). This experiment 
will take data in the next Fermilab fixed target run. 

It is clear that a rich program of charmed baryon spectroscopy is before us. It 
is one in which an incident projectile carrying a strange quark has an advantage in 
producing states with both charm (or perhaps even beauty) and strangeness. Fermilab 
E781 which will run in the next Fermilab fixed target run should make a very 
significant contribution to this program. 

I would like to acknowledge many important discussions with my Fermilab 
hyperon colleagues. This work is supported by the U.S. Department of Energy under 
cant ract DE-ACOZ-76CH03000. 
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